Abstract Titin (connectin)
Introduction
Titin, initially called connectin (Maruyama et al. 1977) , is a sarcomeric protein responsible for passive force (elasticity) in muscle sarcomeres (Linke and Fernandez 2002; Linke et al. 1999) . Passive force develops because of titin's resistance to stretch when muscles elongate in contrast to active force, which is produced from actin and myosin based crossbridges (Huxley 1957 (Huxley , 1969 Huxley and Hanson 1954; Huxley and Niedergerke 1954) causing muscles to shorten. Titin has been implicated in numerous mechanical roles such as sensing stretch (Granzier and Labeit 2006) and opposing sarcomeric extension (Wang et al. 1991) , both ultimately contributing to the prevention of stretch-induced muscle damage.
Titin's dynamic ability to produce passive force is illustrated with elements adjusting to short-term changes in calcium flux (Labeit et al. 2003) and phosphorylation (Anderson et al. 2010; Granzier and Labeit 2006; Yamasaki et al. 2002) , as well as long-term diseased states (Granzier and Labeit 2006; Granzier et al. 2002) and differential isoform splicing conditions (Granzier and Labeit 2006) . By altering its mechanical properties, titin can adapt its passive force capability permitting ''tuning'' in accordance with muscle demands. Although the complex mechanisms of titin's passive response have been widely studied, the entirety of titin's capacity to regulate force remains to be characterized. From a physiological perspective, an important mechanism has been calcium binding to select domains of titin, resulting in a rapid yet transient change in mechanical properties. This feature has been observed at the myofibril (Joumaa et al. 2008) , muscle fiber (Labeit et al. 2003 ) and myocardial levels (Fujita et al. 2004) , reflecting the macroscopic manifestations that occur with calcium interaction on the subcellular level. Experiments performed in vitro to evaluate calcium-based force regulation have shown that the PEVK region, abundant in the amino acids proline (P), glutamate (E), valine (V) and lysine (K), has a calcium responsiveness localized to the glutamate-rich portion that renders titin stiffer (Fujita et al. 2004; Labeit et al. 2003) . Other regions such as the numerous immunoglobulin (Ig) domains have also been speculated to possess a calciumbinding potential (Trombitás et al. 1998) , but this has largely been inconclusive. Watanabe et al. (2002) investigated interaction of distal region titin Ig domains over a physiological range of calcium concentrations (pCa 3.0-9.0) concluding that calcium had no observable effect on the unfolding force. This contrasts work done by others (Coulis et al. 2008; Lu et al. 1998) , revealing an unclear understanding of titin calcium interaction. With the prevalence of Ig domains in titin and their biochemical potential for ligand binding, we used a homopolymeric approach to reevaluate the Ig domains as a calcium responsive element that could further elucidate the regulation of titin-based passive force.
In this study we observed calcium regulated changes in the biochemical and mechanical properties of the individual recombinant Ig domain 27 (I27) from the distal I-band region of human cardiac muscle titin. By breaking titin down into its fundamental elements, we can explore how they behave independently under different conditions, as the molecular basis of titin's extensibility can be understood as the sum of its components (Scott et al. 2002) . We speculate that calcium binding to titin Ig domains may function as a rapid protective mechanism to further stiffen titin and oppose stretch-related muscle damage.
Materials and methods

Protein expression and purification
The plasmid (T1 I27) encoding eight human cardiac titin Ig domain 27 repeats was generously donated by Dr. Clarke (Cambridge University, Cambridge, UK) . The T1 I27 plasmid was inserted into the genome of chemically competent Escherichia coli of the C41 (DE3) strain (Lucigen Corp. Middleton, WI, USA). One isolated colony was selected and grown up to an OD 600 of 0.6 at 37°C and 250 RPM in 2X YT medium (Sigma-Aldrich, Oakville, ON, Canada). Induction was performed using 0.9 mM IPTG (Sigma-Aldrich, Oakville, ON, Canada) for 8 h at 28°C and 250 RPM. The amino acid sequence (Improta et al. 1996) included two C-terminal cysteines used for attachment to a gold-coated surface and 6 N-terminal histidines for purification purposes (Best et al. 2003b; Lu et al. 1998) . The bacteria were lysed using buffer (50 mM Tris-HCl, 1 mM EGTA, 1 lg/ml leupeptin) in conjunction with a mechanical French Press pre-cooled to 4°C. Proteins were purified using a standard histidine nickel-charged column chromatography kit (Novagen, Madison, WI, USA), leaving the His 6 -tag intact. Fractions were collected and evaluated using a 12 % SDS-PAGE separating gel and 4.5 % stacking gel (Laemmli 1970) . Gels were visualized with silver stain. Pure fractions were dialyzed against 50 mM Tris-HCl, 150 mM NaCl, lyophilized (Thermo ModulyoD-115, Milford, MA, USA) and stored at -80°C. Isoelectric points were calculated with the MW/PI calculator at http://www.expasy.ch (Gasteiger et al. 2005 ).
Fluorescence spectroscopy
Fluorescence spectroscopy was conducted utilizing internal tryptophan excitation with a Varian Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies Canada Inc., Mississauga, ON, Canada). Using a wavelength of 295 nm, we selectively excited the p-electrons of the tryptophan ring by surpassing the excitation wavelength of other aromatic ring containing side chains (Albani 2007) . Eleven combinations of calcium (1 and 10 mM CaCl 2 ), protein (I27), water, buffer (50 mM Tris, 100 mM KCl, 5 mM DTT pH 7.5) and EDTA were tested for calibration and experimentation purposes. At least ten traces were recorded for each sample and buffer condition tested (11 total). Following manual mixing in a 1-cm pathlength cuvette, dilution effects were accounted for and an average was plotted. The buffer baseline (without I27) was subtracted from all spectra to obtain the final emission graph.
Atomic force microscopy
Atomic force microscopy (AFM) was utilized to stretch single molecules mechanically. Proteins (*30 lg/ml) adsorbed to freshly gold-coated glass slides for 15 min; however, this worked equally well with new glass slides lacking gold plating. Unbound proteins were washed away with two changes of relaxing buffer solution (24 mM Imidazole, 200 mM KCl, 4 mM MgCl 2 , 1 mM EGTA, pH 7.4). The Ig domains were pulled in a relaxing solution or activation solution (relaxing solution adjusted to a final calcium concentration of pCa = 4). Molecules were stretched at 1 lm/s using an AFM tip (Si 3 N 4 -Biolever, BL-RC 150 VB-C1, Asylum Research, Santa Barbara, CA, USA) in conjunction with a custom JPK Nanowizard II force robot, JPK software (Berlin, Germany) and inverted Zeiss microscope (Göttingen, Germany). All cantilevers were calibrated at room temperature in solution according to the thermal noise method, and separate cantilevers were used for calcium and control experiments. Typical cantilever stiffness was 25 pN/nm.
The AFM unfolding peaks in a force trace were selected and analyzed according to Best et al. (2003a) . Specifically, these curves contained a minimum of five and a maximum of eight unfolding events, excluding the final protein detachment from the cantilever or glass. The last detachment peak was typically different in amplitude from all preceding peaks and was always excluded from analysis. Traces were only selected in which the peak-to-peak unfolding distance was regular from one peak to the next, with marginal non-specific interactions between the sample, tip and surface. The force, persistence length (PL) and unfolding distance were recorded for each peak, as well as positional information.
PL, a measure of polymer stiffness, was derived from the ascending slope of the force trace when fit to the wormlike chain (WLC) model (Marko and Siggia 1995; Bustamante et al. 1994 ).
A one-way and two-way analysis of variance (ANOVA) was conducted to compare the calcium and control conditions, as well as the peak order dependence of unfolding events.
Results
Fluorescence spectroscopy
With the addition of 1 mM calcium to the I27 protein in buffer solution, the emission spectra resulted in a drop in fluorescence intensity (Fig. 1 ). Subsequent addition of excess calcium (10 mM) resulted in a larger depression reflecting an augmented calcium effect on the tryptophan core within the I27 protein. With addition of a calcium chelating agent (10 mM EDTA), there was a restoration in the fluorescence intensity although not entirely to baseline levels. EDTA and I27 together were indistinguishable from the baseline I27 fluorescence (data not shown).
Atomic force microscopy
In Fig. 2a , there was an immediate difference in the unfolding force with calcium addition (P \ 0.001). This difference paralleled the control condition with a consistent separation of approximately 40 pN for the most robust data set collected (peaks 1-5). Importantly, peaks one to five contain the largest number of force traces (N = 55 and 47 for calcium and control, respectively), translating into the most characteristic force-peak relationship. The observed difference between conditions remained for peaks 6 and 7 as well (P \ 0.05). The cantilever tip rarely made contact with the free end of the protein, resulting in a low frequency of observing eight unfolding force traces (N = 2 and 3 for calcium and control, respectively). Figure 2b indicates the persistence length change with calcium addition. Overall, this translated into increased polymeric stiffness with calcium, reflected as a shorter persistence length. This difference ran parallel to the control case and changed with further domain unfolding in a significant manner (P \ 0.05 for peaks 2-6).
The peak-to-peak distance was compared under the two conditions, with a significant difference arising because of the presence of calcium (P = 0.005) (Fig. 3) . Although there was no peak effect, calcium resulted in an increased distance between peaks. Collectively, 321 calcium and 276 control peaks were analyzed.
Discussion
Following recombinant protein production of I27, we conducted fluorescence spectroscopy utilizing the emission spectra of a single tryptophan within each of the eight serially linked I27 domains (8 total). Given that calcium is generally responsible for changes in protein structure upon binding, intrinsic fluorophores such as tryptophan serve as excellent detectors of environmental change (Borgia et al. 2008; Coulis et al. 2004 ).
Introduction of 1 mM calcium to the I27 protein in solution depressed fluorescence intensity, reflecting a change in the environment surrounding the core tryptophan amino acid (Fig. 1, inset) . With additional calcium (10 mM), the fluorescence intensity diminished further, suggesting the calcium interaction with the I27 domains is concentration dependent. Subsequently, a reversibility of this interaction was visualized in the partial restoration of fluorescence intensity upon calcium chelation with 10 mM EDTA. This incomplete recovery may be resolved by considering that not all calcium bound to I27 was successfully removed with the 10 mM concentration of chelator used (Coulis et al. 2004) . The proximity of the internal tryptophan to calcium is known to affect the sensitivity to environmental perturbations (Lakowicz 2006) ; thus, the single buried tryptophan within I27 (Improta et al. 1996) may explain the marginal fluorescence change with addition and removal of calcium. It should be noted that no denaturant was used to unfold the I27 domains chemically.
A conformational change in I27 attributed to calcium may ultimately manifest in a modulation of mechanical stability (Borgia et al. 2008) . This can steady a protein (like Fig. 2 Data represents mean ± SEM. Peaks 1-5 correspond to a sample of 47 and 55 for the control and calcium conditions respectively, contributing the most heavily to the overall trends in force and persistence length. a Force produced for each respective unfolding peak in the control and calcium condition. The addition of calcium resulted in a consistent 40 pN increase in force for the first five peaks compared to the control group (**P \ 0.001), maintaining a significant difference for peaks 6 and 7 (*P \ 0.05). b The PL increased with unfolding until peak four and then approximated a plateau. This was reflected equally well in both conditions being significant for peaks 2-6 (*P \ 0.05). Peak 1 results deviate most from the WLC model fit, which could account for the relative insignificance (P = 0.061) Fig. 3 Raw force traces of seven unfolding events (of a possible eight) in the control (left) and calcium (right) condition. Broken line corresponds to 200 pN in force, while the curved line displays the fit of the WLC model to the ascending half of each forced unfolding event. The unfolding distance (x u ) measured according to the WLC model indicates the mean unfolding distance for control (24.76 nm ± 0.13 nm) and calcium (25.25 nm ± 0.13 nm) conditions. Distance was not found to have a peak dependence, but was significant between conditions (*P 0.005) I27) against mechanical stress and increase the force required to unfold the protein (Ainavarapu et al. 2005) . These biochemical changes with calcium have particular importance for a protein such as titin that must resist force in vivo where calcium interactions are a regular occurrence.
An AFM specialized for stretching single molecules was used to evaluate any unfolding force, stiffness or distance change with calcium. Observing the general force trends in Fig. 2a specifically for the most robust data set collected for peaks 1-5, it can be seen that the calcium addition translates into a sustained 40 pN increase in the forces required to unfold the domains. We propose that the difficulty in obtaining force traces with eight unfolding events presents a sampling difference that could account for the more irregular pattern observed for peak eight (Fig. 2a) .
Homopolymer unfolding behavior for individual domains such as the eight I27 studied here are typically assumed to be identical within thermal noise for a defined retraction speed. However, measuring the passive elastic response of one folded domain within a chain is complicated by the polymeric nature of the arrangement used. Monte Carlo simulation work has suggested that grouping all the unfolding forces in a polymer chain together may obscure subtleties in the mechanical unfolding data such as the intricacies revealed in Fig. 2a when the unfolding forces are plotted per peak rather than an average across peaks. Notably, an order dependence of force on peak number arose suggesting that force has a complex non-linear function dependence on the unfolding event number . We believe that this force dependence on peak number transpired for three reasons: (1) a probability component for polymer unfolding, which decreases as more domains unfold, (2) a compliance component affecting polymeric stiffness, which increases with unfolding (Best et al. 2003a) , and (3) a calcium-dependent stabilization contributing to the steeper slope for the calcium condition (36 pN change) compared to the control (27 pN change). Assuming that all domains in a chain experience calcium interaction equivalently, then calcium explains a net difference of 9 pN of force with peak number between conditions. Figure 2a , b is obtained from the well-characterized WLC model (Marko and Siggia 1995; Bustamante et al. 1994) used to describe the relationship between polymer extension and the entropic force that develops. Briefly, the model predicts that the stiffness of a polymer, measured as a persistence length (PL), is inversely related to the force produced (Ottenheijm and Granzier 2010 ). An entropic spring is known to become softer with unfolding as an element of compliance is continually introduced , which translates into an increase in the PL (decrease in stiffness). Taken together, a two-way ANOVA of group (calcium and control) and peak number revealed that the force and PL were significantly different (P \ 0.0001). Notably, both control and calcium experiments were conducted in the presence of 4 mM MgCl to address divalent ion presence. Watanabe et al. (2002) studied fragments of titin including the domain used here (I27) 1 reporting that there were no differences in the unfolding forces or the persistence lengths in the presence of high calcium (pCa * 3.0). However, this fails to describe our data (Fig. 2a, b) . This discrepancy may reside in the different protein constructs used and the analysis that followed. Immunoglobulin domains within the I-band extensible region of titin are characterized according to variations in size, sequence and composition (Marino et al. 2005; Improta et al. 1996) , resulting in naturally diverse unfolding forces. Employing a heteropolymeric approach will introduce a variability that can mask persistence length or unfolding force differences. This complexity has been proposed by others (Gao et al. 2001; Marszalek et al. 1999) , making the elastic properties of heterogeneous domains difficult or even impossible to identify (Fisher et al. 1999) . Furthermore, grouping the mean force and PL obtained for each force trace (not peak) implicitly assumes all domains are equivalent, which is not the case for mixed-modular polymers.
The peak unfolding distance was obtained by using the WLC model in conjunction with a molecular ruler function in the JPK software package. Simply, the molecular ruler connected one WLC fit to the next, near the peak force as shown in Fig. 3 . This proved to be more consistent than connecting one saw-toothed peak to the next, which has to contend with stochastic fluctuations in force which naturally over-or underestimate the distance. Upon calcium addition, the length of the unfolding between peaks increased, likely associated with the increased fractional extension due to the elevated forces seen in the presence of calcium. The additional 40 pN of force upon stretch with calcium elongates the protein domain farther such that the experimental unfolding distance (x u = 25.25 nm) approaches the theoretical (x u = 30.26 nm), assuming each amino acid contributes 0.34 nm and there are 89 residues. With the physiological pulling speed of 1 lm/s (Linke and Grützner 2008) , the gradual increase in unfolding distance did not manifest in a peak order dependence, but was averaged and found to be significant (P = 0.005).
Our control measurements for unfolding distance, force and persistence length were in good approximation with experimental literature values (Carrion-Vazquez et al. 1 The numbering scheme used is according to Labeit and Kolmerer (1995) . I27 in skeletal muscle was later renamed I91 according to Bang et al. (2001) when titin was completely sequenced.
Eur Biophys J (2013) 42:301-307 305 1999), suggesting AFM consistency, but literature values did not encapsulate our calcium measurements within error. In the presence of calcium, the experimental conditions used here suggest that the same domains become inherently more stable, providing support for the notion that calcium indeed binds to the I27 protein domain as has been suggested theoretically (Lu et al. 1998 ). This may in part be due to the high proportion of glutamates in the amino acid sequence of I27 (12.4 %), which has been shown to be a prerequisite for the PEVK region of titin to bind calcium (Labeit et al. 2003) . Additionally, the theoretical isoelectric point was calculated to be 5.07 using ProtParam (Gasteiger et al. 2005) , which at physiological pH suggests a strong negative net charge identical to that of the PEVK region (pI = 5.06) (Tatsumi et al. 2001) . Calcium-regulated stabilization may add structural integrity and thus delay or even preclude domain unfolding in order to maintain the strong passive elastic response of titin seen in cardiac muscle, should unfolding prove possible. The subsequent unbinding of calcium may occur with the assistance of the ubiquitous calcium binding protein S100A (Yamasaki et al. 2001) , permitting a transient response in titin's passive force development. In this manner, the calcium ions present in the sarcomeric environment following cycles of active muscle contraction can then additionally function in passive force regulation ascribed to titin Ig domains.
It should be mentioned that without detailed mutagenic studies evaluating a proposed binding site on I27 (see Lu et al. 1998) , we cannot verify a calcium-binding location on I27. However, the stabilization interaction between calcium and I27 persists and should be considered of importance. Given that no other immunoglobulin domain has been characterized to the same extent as I27, it remains to be determined if the calcium interaction seen here can be extrapolated to other titin Ig domains, although there is recent support for this in the proximal Ig region (Coulis et al. 2008) . Should more domains be stabilized by calcium, unfolding would be further restricted to pathophysiological stretches, indicating an exceptional mechanism for rapid adjustment of passive force by titin.
Conclusion
In the presence of calcium the I27 protein chain is stabilized, resulting in novel mechanical properties. More force is required to unfold the domains, jointly because of decreased probability of unfolding, increased compliance and calcium-necessitated stabilization. Furthermore, the distance between unfolding peaks increases, approaching the theoretical contour length of the extended protein chain. Finally, by plotting these novel characteristics along their respective peak numbers, it becomes apparent that the unfolding forces and persistence lengths follow a non-linear peak dependent pattern often overlooked in AFM experimental work. This work has led us to suggest that individual Ig domains within titin are capable of increasing the inherent stiffness of this molecular spring upon calcium interaction. The mechanical properties of these domains are an important determinant of how titin is able to resist stretch, leading to a rapid physiological mechanism of passive force regulation.
